Abstract Cathepsin B and urokinase plasminogen activator receptor (uPAR) are postulated to play key roles in glioma invasion. Calcineurin is one of the key regulators of mitochondrial-dependent apoptosis, but its mechanism is poorly understood. Hence, we studied subcellular localization of calcineurin after transcriptional downregulation of uPAR and cathepsin B in glioma. In the present study, efficient downregulation of uPAR and cathepsin B increased the translocation of calcineurin A from the mitochondria to the cytosol, decreased pBAD (S136) expression and its interaction with 14-3-3f and increased the interaction of BAD with Bcl-xl. Co-depletion of uPAR and cathepsin B induced mitochondrial translocation of BAD, activation of caspase 3 as well as PARP and cytochrome c and SMAC release. These effects were inhibited by FK506 (10 lM), a specific inhibitor of calcineurin. Calcineurin A was co-localized and also co-immunoprecipitated with Bcl-2. This interaction decreased with codepletion of uPAR and cathepsin B and also with Bcl-2 inhibitor, HA 14-1 (20 lg/ml). Altered localization and interaction of calcineurin A with Bcl-2 was also observed in vivo when uPAR and cathepsin B were downregulated. In conclusion, downregulation of uPAR and cathepsin B induced apoptosis by targeting calcineurin A to BAD via Bcl-2 in glioma.
Introduction
Glioma is a highly complex primary brain disease, which carries a dismal prognosis in spite of aggressive therapy and recent advances in the understanding of the molecular pathways of glioma progression. The unique feature of glioma progression is the deregulation of proteins and genes, such as cathepsin B and uPAR, which play central roles in tumor invasion. Previously, we have demonstrated that both individual or simultaneous downregulation of cathepsin B and uPAR decreased the expression of Bcl-2 and induced apoptosis in glioma cells [1] .
Calcineurin [also known as protein phosphatase 3 (formerly protein phosphatase 2B)] is a heterodimer composed of catalytic (Calcineurin A; CnA) and regulatory (Calcineurin B; CnB) subunits [2] . The CnB subunit is tightly associated with the CnA subunit and can only be dissociated under denaturing conditions or at extremely low calcium levels [3] . Within the CnA subunit, regions with specific assignments have been identified by limited proteolysis [4] and structure determination studies [5] . These include: a catalytic domain, a CnB binding helix, a calmodulin docking segment, a C-terminal autoinhibitory site, and a Bcl-2 binding domain.
It has been well established that calcineurin is controlled by calcium and calmodulin. In addition, calcineurin is also Electronic supplementary material The online version of this article (doi:10.1007/s11060-011-0727-x) contains supplementary material, which is available to authorized users.
reported to be regulated by redox mechanisms [6] . Recent studies demonstrated that Bcl-2 regulates calcineurin by sequestration or by shuttling active calcineurin to specific microenvironments and compartments in the cells to interact with other substrates [7] . Upon heterodimerization with the pro-apoptotic protein Bax, Bcl-2 dissociates from calcineurin. Once back in the cytosol, calcineurin starts dephosphorylating BAD [8] . Recently, other calcineurinmediated functions in the T-cell activation program, muscle growth and development, apoptosis, DNA repair, and cardiac and neural health have been studied [9] .
Calcineurin was originally recognized as a key mediator of programmed cell death in T and B lymphocytes [10, 11] . In lymphocytes, calcineurin mediates apoptosis by the induction of Fas and Fas ligand [12, 13] . In cancer cells, calcineurin induces apoptosis in response to growth factor deprivation as a direct consequence of calcineurin's phosphatase activity [14] . Calcineurin is also reported to mediate ischemia-induced apoptosis via dephosphorylation of Akt [15] . Recently, it has been shown that calcineurin induces apoptosis by dephosphorylation of BAD [8] via cytochrome c / caspase 3-dependent pathway in neuronal cells [16] .
In the present study, we first examined the expression levels and localization of calcineurin A in uPAR and cathepsin B-depleted U251 and 4910 glioma cells. We also observed that individual or simultaneous downregulation of uPAR and cathepsin B redistributed calcineurin A and BAD and decreased the expression of pBAD (S112 & S136). Further, we noticed that FK506, a potent inhibitor of calcineurin, reversed pCU-induced apoptosis and prevented pCU-induced translocation of BAD, cytochrome c, and SMAC. Co-depletion of uPAR and cathepsin B decreased the interaction of calcineurin A with Bcl-2 and increased BAD with Bcl-xl in both U251 and 4910 glioma cells. Analysis of tissue sections and tissue lysates from pre-established brain tumors (in vivo) further confirmed our in vitro results. Overall, our results show that uPAR and cathepsin B regulate calcineurin via Bcl-2 in glioma.
Materials and methods

Ethics statement
The Institutional Animal Care and Use Committee of the University of Illinois College of Medicine at Peoria (Peoria, IL, USA) approved all surgical interventions and postoperative animal care. The consent was written and approved. The approved protocol number is 851 and is dated November 20, 2009. Cell lines, chemical reagents and transfection conditions U251 glioma cells were obtained from ATCC (American Type Culture Collection, Manassas, VA). 4910 glioma xenograft cells were kindly provided by Dr. David James (University of California-San Francisco). U251 and 4910 cells were grown in DMEM medium and RPMI 1640 medium, respectively and supplemented with 10% FBS and 1% penicillin/streptomycin. All primary antibodies used in this study were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) except for anti-BAD, antiBcl-2, and anti-Bcl-xl that were obtained from Cell Signaling (Boston, MA) and anti-MTCO2 (Mitochondrial Cytochrome Oxidase subunit 2; a mitochondrial marker) that was obtained from Abcam (Cambridge, MA). Speciesspecific secondary antibodies conjugated to HRP, Alexa Fluor 488, and Alexa Fluor 595 (Santa Cruz Biotechnology, Santa Cruz, CA) were used in this study. All transfections were carried out using FuGene HD transfection reagent according to the manufacturer's protocol (Roche Applied Science, Madison, WI). Single siRNA constructs directed against uPAR (pU) and cathepsin B (pC) and the bicistronic construct directed against both cathepsin B and uPAR (pCU) were used in the present study. Details of siRNA vector construction has been discussed earlier [17] . Cells were transfected for 72 h with scrambled vector (pSV), pU, pC, or pCU. For simultaneous overexpression of uPAR and cathepsin B, cells were co-transfected with a plasmid expressing full-length human cDNA clone of uPAR (flU) (SC319092) and cathepsin B (flC) (SC109129). For overexpression of Bcl-2, cells were transfected for 48 h with a plasmid expressing full-length human cDNA clone of Bcl-2 (flBcl-2) (SC125546) (OriGene Technologies, Inc. Rockville, MD). For the pCU and FK506 combination treatment, cells were treated with FK506 (10 lM) (Sigma, St. Louis, MO) 48 h after transfection with pCU. For the flBcl-2 and HA 14-1 combination treatment, cells were treated with HA 14-1 (20 lg/ml) (Sigma, St. Louis, MO) 24 h after transfection with flBcl-2 and incubated for another 24 h before further analysis. Cells were grown to 70-80% confluence in 2-well chamber slides and then treated with HA 14-1 (20 lg/ml) for 24 h.
Subcellular fractionation, Western blotting, and immunoprecipitation
Fractionation of mitochondrial and cytosolic proteins was carried out as described previously [1] . For Western blot analysis, equal amounts of protein fractionated on SDS-PAGE were immunoblotted with primary antibodies and subsequently incubated with species-specific, HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, CA). Signals were detected using the ECL Western blotting detection system (Pierce, Rockford, IL). Immunoprecipitation assays were carried out by incubating a minimum of 800 lg total cell lysate (or cytosolic or mitochondrial fractions) with antibody for 3 h at room temperature or overnight at 4°C on a rotating shaker. Protein A/G agarose beads (Miltenyi Biotec, Auburn, CA) were added to the above complex and incubated for either 30 min on ice or overnight at 4°C. These beads were passed through l columns following the manufacturer's instructions and immunoprecipitates were immunoblotted with primary antibodies.
Determination of mitochondrial membrane potential
Mitochondrial membrane potential changes were assayed with MitoLight dye according to the manufacturer's instructions (Millipore, Danvers, MA). U251 and 4910 cells were transfected with pSV and pCU in the presence or absence of FK506 (10 lM). Cells were then incubated for 30 min with pre-diluted MitoLight solution. Cells were washed twice with 19 incubation buffer and FACS analysis was carried out.
APO-BrdU TUNEL assay
Apoptotic cells were detected using the APO-BrdU TUN-EL kit (Molecular Probes Inc, Eugene, OR) according to the manufacturer's protocol for flow cytometry. Briefly, U251 and 4910 cells were harvested 72 h after transfection in the presence or absence of FK506 and fixed with 4% paraformaldehyde for 30 min at room temperature. Cells were washed twice in PBS, re-suspended in cold ethanol, and then incubated with 50 ll DNA-labeling solution containing TdT enzyme and BrdUTP at 37°C for 60 min. Cells were washed with PBS and stained with Alexa Fluor 488 dye-labeled anti-BrdU antibody for 30 min. APOBrdU-TUNEL positive cells were measured by emission of Alexa Fluor 488 intensity through flow cytometry analysis. For negative control, TdT enzyme was replaced with the reaction buffer in the DNA-labeling solution.
Annexin V/PE staining assay Cells transfected with pCU in the presence or absence of FK506 were harvested, washed and re-suspended in 500 ll of binding buffer. Then, cells were stained with 5 ll of Annexin V-PE (BioVision, CA) according to the manufacturer's instructions. Cells positive for Annexin V-PE were analyzed by flow cytometry (EX = 488; Em = 578) using the phycoerythrin emission signal detector. Data acquisition and analysis were performed using a BectonDickinson flow cytometer with Cell Quest software.
Immunofluorescence
For immunofluorescence assay, cells grown in 2-well chamber slides were washed with PBS, fixed, permeabilized with ice-cold methanol and blocked with normal goat serum (Invitrogen, Carlsbad, CA). Cells were incubated overnight with primary antibodies at 4°C, washed with PBS, and incubated with fluorescent-labeled, species-specific secondary antibodies (Alexa Fluor Ò ) for 1 h at room temperature. Before mounting, cells were incubated for a brief period with DAPI for nuclear staining and analyzed with a confocal microscope (Olympus BX61 Fluoview, Minneapolis, MN). Overlay of images was done using SPOT Advanced software (Windows version 4.0.8).
Immunohistochemical analysis of brain tumor sections
Stereotactic implantation of U251 and 4910 cells, followed by treatment with mock (PBS), pSV and pCU using Alzet minipumps at flow rate of 0.25 ll/hr was carried out as previously described [18, 19] . Once control animals showed chronic symptoms (approximately 30 days), the animals were euthanized by cardiac perfusion using 10% buffered formalin. The brains were removed, stored in 10% formalin, and embedded in paraffin following standard protocols. Immunoblot analysis was carried out on fresh brain tissues. Paraffin-embedded tumors sections were subjected to rehydration by passing through a series of xylene and 100 and 90% ethanol as described previously [1, 20] . Tumor sections were double stained for calcineurin A and Bcl-2 and analyzed as described earlier.
Results
Downregulation of uPAR and cathepsin B redistributed calcineurin A
Previously, we have demonstrated that knockdown of uPAR and cathepsin B using siRNA significantly decreased the expression of Bcl-2 and induced apoptosis in glioma cells [1] . The present study was carried out to further elucidate the underlying molecular mechanism of apoptosis. Western blotting showed that uPAR and cathepsin B expression was efficiently decreased with pU, pC and pCU (Fig. 1a) . Quantification of protein bands revealed that uPAR expression decreased 80% in U251 cells and 70% in 4910 cells with pU (P \ 0.001). Similarly, cathepsin B expression decreased 70% in U251 cells and 80% in 4910 cells with pC (P \ 0.001). Interestingly, expression of uPAR and cathepsin B decreased 90 and 95%, respectively in pCU-transfected U251 and 4910 cells (P \ 0.001).
Calcineurin was previously reported in different cellular compartments [21] . As a preliminary study, immunocytochemical analysis of calcineurin A and mitochondrial cytochrome oxidase subunit-2 (MTCO2) was carried out on the monolayers of U251 and 4910 cells. Co-localization of calcineurin A and MTCO2 confirmed the presence of calcineurin A in mitochondria (Supplementary Fig. S1A ). To evaluate the impact of siRNAmediated downregulation of uPAR and cathepsin B on calcineurin-mediated apoptosis in U251 and 4910 cells, immunoblot analysis was performed on total lysates using antibodies specific for calcineurin A and B. Individual or simultaneous knockdown of uPAR and cathepsin B did not alter the expression of either calcineurin A or B in total lysates (data not shown). Cell fractionation (mitochondrial versus cytoplasmic) was utilized in conjugation with Western blotting to determine changes in calcineurin A localization after transient transfection with pU, pC and pCU in U251 and 4910 cells. Transfection with pU, pC and pCU significantly reduced mitochondrial membraneassociated calcineurin A and increased cytoplasmic levels of calcineurin A in both U251 and 4910 cells (Fig. 1b) . Densitometric analysis of protein bands revealed that calcineurin A levels increased *1.8 fold with both pU and pC and *2.4 fold with pCU (P \ 0.001) in cytoplasmic fractions of both U251 and 4910 cells. However, its levels were significantly decreased with pU, pC and pCU (P \ 0.001) in mitochondrial fractions of both U251 and 4910 cells. Although, calcineurin B was detected on the mitochondrial membrane, its levels were not altered with pU, pC and pCU transfection (data not shown). Effect of uPAR and cathepsin B downregulation on expression of BAD and pBAD It has been previously reported that calcineurin regulates BAD-mediated apoptosis in neuronal cells by dephosphorylation of BAD [8] . Hence, we checked the potential changes in BAD levels after transfection with pU, pC and pCU in U251 and 4910 cells. The results indicated no significant change in the expression of BAD in total cell lysates after treatments as compared to the control (Fig. 2a) .
When probed for pBAD S112, pBAD S136 and pBAD S155, a significant reduction was observed in the expression of pBAD S136 and a moderate decrease was noticed in pBAD S112 with downregulation of uPAR and cathepsin B in both U251 and 4910 cells. The expression of pBAD S155 was unaffected with the treatment in both cell lines (Fig. 2a) .
Immunoblot analysis of the cytosol fractions showed that the amounts of BAD were significantly decreased after transfection with pU, pC and pCU as compared to controls in both U251 and 4910 cells. We next examined the amount of BAD in the mitochondrial fractions and it was noted that the amount of mitochondrial BAD significantly increased after treatment with pU, pC and pCU in both U251 and 4910 cell lysates as compared to controls (Fig. 2b) . To further confirm the effect of uPAR and cathepsin B downregulation on the expression of BAD, U251 and 4910 cells were transfected with full-length uPAR (flU) and cathepsin B (flC) expressing plasmids. Western blotting analysis showed that, in both U251 and 4910 cells, simultaneous overexpression of uPAR and cathepsin B increased BAD levels in cytosolic fractions while decreasing BAD levels in mitochondrial fractions, thereby confirming earlier results ( Supplementary Fig.  S1B ).
Calcineurin-mediated dephosphorylation of BAD will result in its dissociation from the 14-3-3-BAD complex and subsequent binding to Bcl-xl [8] . As the levels of phosphorylated BAD (S136) decreased significantly with pCU treatment, we predicted that dissociation of BAD from 14-3-3-BAD complex would also occur with the same treatment. Immunofluorescence staining was used to examine co-localization of BAD with 14-3-3 and Bcl-xl in U251 and 4910 cells after pSV and pCU treatments. In pSV-treated U251 and 4910 cells, yellow staining on confocal images (overlay) indicates co-localization of pBAD (S136) with 14-3-3f in contrast to pCU-treated cells (Supplemental Fig. S2A ). However, in pCU-transfected U251 and 4910 cells, yellow staining on overlay of BAD and Bcl-xl images shows co-localization between BAD and Bcl-xl in contrast to controls (Supplemental Fig. S2B ). To provide additional evidence, immunoprecipitation experiments were conducted on cytosolic and mitochondrial fractions using an antibody specific for BAD. We found that the amount of 14-3-3f in BAD immunoprecipitates significantly decreased in cytosolic fractions of both U251 and 4910 cells with pU, pC and pCU treatments as compared to controls (Fig. 2c) . In contrast, the amount of Bclxl dramatically increased in mitochondrial fractions of cells treated with pU, pC and pCU, indicating rapid dissociation of BAD from 14-3-3 in cytosolic fractions and association with Bcl-xl in mitochondrial fractions (Fig. 2c) .
Effect of calcineurin inhibitor, FK506, on pCU-induced apoptosis
Previously, we have demonstrated that transient transfection of glioma cells with pCU efficiently induced apoptosis [1] . To investigate calcineurin-mediated regulation of apoptosis in U251 and 4910 glioma cells, we performed flow cytometry analysis with APO-BrdU-TUNEL after transfection with pCU in the presence or absence of FK506 (10 lM). The percentage of glioma cells with nuclear DNA strand breaks (TUNEL-positive cells) was calculated on the basis of results obtained from the histogram analysis (Fig. 3a) . The proportion of TUNEL-positive cells was significantly higher in pCU-treated U251 cells (49.22%) as compared to untreated controls (7.45%) or SV (6.79%). Similarly, the proportion of TUNEL-positive cells was 52.5, 13.7 and 13.4% in pCU-treated, pSV-treated, and untreated 4910 cells, respectively. However, FK506 reduced pCU-induced TUNEL-positive cells in U251 (12.49%) and 4910 cells (19.84%), thereby indicating that pCU-induced apoptosis might be regulated by calcineurin.
Flow cytometry with Annexin V-PE staining was carried out to further confirm calcineurin-mediated apoptosis in pCU-treated glioma cells. The results obtained from the histogram analysis indicate that the percentage of Annexin V-PE-positive cells were significantly high in pCU-treated U251 cells (64.68%) as compared to pSV-treated (4.92) or untreated (4.25%) controls (Fig. 3b) . In 4910 cells, the Annexin V-PE-positive cells were 42.09% with pCU treatment as compared to pSV-treated (5.45%) or untreated (5.22%) controls (Fig. 3b) . However, Annexin V-PEpositive cells were reduced significantly with FK506 in pCU-transfected U251 (10%) and 4910 (15.89%) cells, which further confirms calcineurin-mediated apoptosis in uPAR and cathepsin B-depleted glioma cells.
PARP cleavage occurs early as a result of the activity of caspase 3 and is associated with the condensed chromatin in apoptotic cells, which is a measure of apoptosis. Activation of caspase 3 and PARP was analyzed in pCU-treated U251 and 4910 cells in the presence or absence of FK506 (10 lM) using western blot analysis. The results indicate increased levels of cleaved caspase 3 and PARP in pCUtransfected U251 and 4910 cells; however levels decreased to basal levels after FK506 treatment in pCU-transfected cells (Fig. 4a) .
Previously, we have demonstrated that pCU rapidly decreased mitochondrial membrane potential in glioma cells [1] . To evaluate the role of calcineurin in mitochondrial-mediated apoptosis, U251 and 4910 cells were treated with pCU in the presence or absence of FK506, and changes in mitochondrial membrane potential (Dwm) were determined using flow cytometry with MitoLight dye. The histogram analysis revealed high mitochondrial membrane potential (80%) in both U251 and 4910 control cells as compared to pCU-treated U251 (31%) and 4910 (34%) cells (Supplemental Fig. S2C ). However, FK506 restored membrane potential to 78% in pCU-treated U251 and 4910 cells.
To further confirm, we analyzed levels of BAD, cytochrome c and SMAC in cytosolic and mitochondrial fractions that were obtained from pCU-transfected U251 and 4910 cells in the presence or absence of FK506. Western blotting results showed that FK506 treatment increased BAD levels in cytosolic fractions but decreased them in mitochondrial fractions to basal levels in pCU-transfected U251 and 4910 cells. However, pro-apoptotic molecules cytochrome c and SMAC levels decreased in cytosolic fractions but increased in mitochondrial fractions of pCUtransfected U251 and 4910 cells in presence of FK506 Fig. 2 Downregulation of uPAR and cathepsin B decreases expression of pBAD (S112 and S136), alters localization and interaction of BAD with 14-3-3 and Bcl-xl. a After transfection, cell lysates were collected from untreated, pSV-, pU-, pC-and pCU-treated cells. Equal amounts of total protein were blotted for expression of BAD and pBAD (S112, S136 and S155). GAPDH was used to verify equal loading. b Total lysates from untreated and treated U251 and 4910 cells were fractionated into mitochondrial and cytosolic fractions as per standard protocols and immunoblotted for BAD. Expression levels of BAD in cytosolic (CF) and mitochondrial fractions (MF) were determined by western blot analysis. MTCO2 was used as a marker for mitochondrial fractions. GAPDH was used as a loading control for cytosolic fractions. c Immunoprecipitation analysis of 14-3-3f and Bcl-xl from cytosolic and mitochondrial fractions, respectively after pull down with BAD in untreated and treated cell lysates. IgG was used to check non-specific interaction (Fig. 4b) . These results confirm calcineurin mediated regulation of BAD and its downstream apoptotic mediators, cytochrome c and SMAC, in glioma cells.
Effect of uPAR and cathepsin B downregulation on interaction of calcineurin A with Bcl-2
It has been reported that Bcl-2, an anti-apoptotic protein, inhibits calcineurin activity through physical interaction [21] . As downregulation of uPAR and cathepsin B decreased the expression of Bcl-2 in both U251 and 4910 cells (Supplementary Fig. S3A ), we hypothesized that the same treatment would decrease the interaction of Bcl-2 with calcineurin A. To study the interaction between calcineurin A and Bcl-2, we carried out double immunostaining on monolayers of pCU-transfected U251 and 4910 cells using antibodies specific for calcineurin A and Bcl-2. Merged figures showed strong co-localization (yellow color) of calcineurin A with Bcl-2 in controls cells (Fig. 5a ). As expected, pCU treatment significantly reduced the co-localization of calcineurin A and Bcl-2 in U251 and 4910 cells. Immunoblot analysis (Fig 1a) and immunocyto chemistry revealed that calcineurin translocation from mitochondria to cytoplasm and decreased expression of Bcl-2 with pCU treatments resulted in less interaction of Bcl-2 and calcineurin. The distribution of calcineurin indicated the translocation of calcineurin to cytoplasm from mitochondria in pCU-treated cells compared to controls further confirming the results obtained in Fig 1a. Similarly, HA 14-1 a functional inhibitor of Bcl-2, also showed decreased yellow staining in both U251 and 4910 cells (Fig. 5b) .
To validate the results obtained with the double-labeling experiments, we studied the interaction between Bcl-2 and calcineurin A using immunoprecipitation of Bcl-2 with specific antibody in untreated, pSV-transfected, and pCUtransfected U251 and 4910 cell lysates. High calcineurin A and Bcl-2 levels were detected by Western blotting in antiBcl-2 immunoprecipitates of untreated or pSV-treated U251 and 4910 cells, which significantly decreased with pCU treatment (Fig. 5c ). In contrast, as compared to Fig. S3B ). To further confirm the interaction between Bcl-2 and calcineurin A, Bcl-2 was overexpressed in both U251 and 4910 cells using fulllength Bcl-2 cDNA plasmid. Expression of Bcl-2 was analyzed by Western blotting. The results show that Bcl-2 was overexpressed in U251 and 4910 glioma cells with flBcl-2 treatment (Fig. 5d) . Next, Bcl-2 was immunoprecipitated in Bcl-2-overexpressed cells. Western blotting of Bcl-2 immunoprecipitates revealed that Bcl-2 and calcineurin A levels were significantly higher in Bcl-2-overexpressed cells as compared to controls (Fig. 5e) . However, the use of a Bcl-2 functional inhibitor (HA 14-1) significantly decreased calcineurin A levels in Bcl-2 immunoprecipitates of Bcl-2-overexpressed U251 and 4910 cells; however, there was no change in Bcl-2 levels (Fig. 5f) . These results confirm that uPAR and cathepsin B regulate calcineurin A via Bcl-2. pCU decreases interaction of calcineurin A with Bcl-2 in pre-established intracranial tumors From our in vitro studies, we inferred that knockdown of uPAR and cathepsin B induced apoptosis by altering localization of calcineurin A and BAD via Bcl-2. Thus, we next decided to study the effect of pCU on pre-established gliomas in nude mice. To evaluate the mechanism by which apoptosis is induced in nude mice brains with tumors, expression levels of uPAR, cathepsin B, calcineurin A and BAD were evaluated in U251 and 4910 brain tissue lysates using Western blotting analysis. The results show that uPAR and cathepsin B levels were significantly reduced but there was no change in calcineurin A and BAD levels in pCU-treated brain whole tissue lysates as compared to controls (Fig. 6a) . Furthermore, cytosolic and mitochondrial fractions of tissue lysates were evaluated by immunoblot analysis. We observed that calcineurin A levels were significantly higher but BAD levels were lower in cytosolic fractions of U251 and 4910 tissue lysates. In contrast, calcineurin A levels were significantly lower but BAD levels were higher in mitochondrial fractions. Further, we checked whether Bcl-2, involved in the regulation of calcineurin A in the mice tumor brains, was similar to in vitro results. The interaction between Bcl-2 and calcineurin A was studied by immunoprecipitation of Bcl-2 with specific antibody in untreated, pSV-treated and pCU-treated U251 and 4910 tissue lysates. Significantly increased amounts of calcineurin A bound to Bcl-2 were observed in anti-Bcl-2 immunoprecipitates of untreated or pSV-treated tissue lysates; however, a significant reduction was noticed in pCU-treated lysates (Fig. 6b) . To further confirm, we Fig. 4 Effect of calcineurin inhibitor on expression of apoptotic molecules in uPAR and cathepsin B-depleted cells. a U251 and 4910 cells were treated either separately or in combination with pCU and FK506, and immunoblot analysis was performed for expression of active caspase 3 and PARP. b Expression of BAD, cytochrome c and SMAC in cytosolic and mitochondrial fractions. After fractionation, cytosolic and mitochondrial fractions were probed for BAD, cytochrome c and SMAC expression. GAPDH was used as a loading control for cytosolic fractions, and MTO2 was used as a loading control for mitochondrial fractions carried out immunostaining of U251 and 4910 brain tissue sections using calcineurin A and Bcl-2 antibodies. As expected, calcineurin A had a strong interaction with Bcl-2 in controls (yellow stain) but this was significantly decreased with pCU treatment (Fig. 6c) . These results indicate that in tumor cells there is a strong interaction between calcineurin A (Green in U87 and Red in 4910) and Bcl-2 (Red in U87 and Green in 4910). The pCU-treated tumor sections showed significant reduction in the interaction as seen by the reduced yellow color (co-localization of red and green).
Discussion
In the progression of cancer, cells acquire a variety of capabilities that promote tumor growth and invasion.
Acquisition of these capabilities involves signaling interactions associated with the cathepsin B and uPAR system [22] . Several studies have demonstrated that uPAR and cathepsin B are overexpressed in high-grade glioma, and this overexpression correlates strongly with invasive phenotype and poor prognosis [23, 24] . Cathepsin B has been shown to initiate a proteolytic cascade involving uPAR. Hence, this system has been identified as a potential therapeutic target. RNA interference (RNAi) has emerged as a powerful tool in the exploration of target genes. In our previous report, we observed that transfection of glioma cells with siRNA for uPAR and cathepsin B effectively induced apoptosis [1] .
Modulation of the phosphorylation state of proteins regulated by phosphatases has emerged as an important mechanism of apoptotic regulation. In contrast to the multitude of protein kinases, relatively few protein Fig. 5 uPAR and phosphatases are known and their regulation is poorly understood. Among the phosphatases, calcineurin was previously shown to be involved in the regulation of apoptosis [8] . Moreover, calcineurin has been implicated in both transcription-dependent and -independent apoptosis. It was reported that calcineurin induced transcription-independent apoptosis by dephosphorylating BAD [8] .
The present study was carried out to explore the role of calcineurin in apoptosis induced by downregulation of uPAR and cathepsin B in human glioma. We noticed that uPAR and cathepsin B downregulation redistributed calcineurin A from the mitochondria to cytosol in U251 and 4910 cells. Shibasaki et al. [21] reported that Bcl-2 interacts strongly with the catalytic subunit (CnA) when in ) tumor cells into nude mice brain was performed. After one week, mock (PBS), pSV or pCU was injected into the brain using an Alzet mini-osmotic pump. Five animals per group were used. Thirty days after implantation, the animals were sacrificed, the brains were removed, fixed and paraffin sections were prepared. Fresh brains were used to make tissue lysates. a Expression of calcineurin A and BAD in total lysate, cytosolic and mitochondrial fractions. Western blot analysis was carried out using specific antibodies. MTCO2 was used as a marker for mitochondrial fractions (MF); GAPDH was used as a marker for cytosolic fractions (CF). b Immunoprecipitation of calcineurin A, after pull down with Bcl-2, in mitochondrial fractions of brain tissue lysates. c Co-localization of calcineurin A and Bcl-2 in brain tissue sections. After processing and dehydration as described in Materials and methods, tissue sections were immunoprobe for calcineurin A (green in U87 and red in 4910) and Bcl-2 (red in U87 and green in 4910) using specific antibodies, followed by species-specific Alexa Fluor-conjugated secondary antibodies complex with the regulatory subunit (CnB). Moreover, Reed [25] reported that Bcl-2 overexpression causes the redistribution of calcineurin from the cytosol to the mitochondrial membrane and prevents interaction with calcineurin substrates in the cytosol.
The Bcl-2 family of proteins is important to the regulation of cell death in cancer cells. Apoptosis is determined by the relative balance between pro-apoptotic molecules and anti-apoptotic molecules [26] [27] [28] . Depending upon its phosphorylation status, the pro-apoptotic molecule BAD promotes both cancer cell survival and apoptosis. The present study demonstrated that both individual and simultaneous downregulation of uPAR and cathepsin B dephosphorylated BAD at S112 and S136 in both U251 and 4910 cells. Interestingly, Masters et al. [29] reported that upon phosphorylation at both S112 and S136, BAD binds to 14-3-3 proteins; however, pS136 may be the more predominant 14-3-3 binding site. BAD dephosphorylation may not alter its association with 14-3-3 proteins, but it may further influence its subcellular localization. In this study, we observed that downregulation of uPAR and cathepsin B caused translocation of BAD from cytosol to mitochondria in both U251 and 4910 glioma cells and vice versa when uPAR and cathepsin B were overexpressed. In addition, we observed that the interaction of BAD decreased with 14-3-3f but increased with Bcl-xl in uPAR and cathepsin B-depleted U251 and 4910 cells. Previously, Zha et al. [28] reported that phosphorylation-dependent association of BAD with 14-3-3 proteins shifts its localization from mitochondria to the cytosol. Dephosphorylated BAD promotes cell death at least in part through heterodimerization with the anti-apoptotic protein Bcl-xl [30] . Although S136 is the apical serine, the phosphorylation of which is needed for neutralizing BAD's apoptotic function, pS112 dephosphorylation may be the initial dephosphorylation event required for promoting the anti-apoptotic activity of BAD [31] .
Several BAD phosphatases have been characterized within specific death paradigms, including calcineurin [32] . In the present study, we found that FK506, a specific inhibitor of calcineurin, rescued glioma cells from pCUinduced apoptosis and protected cells from loss of mitochondrial membrane potential, thereby indicating the role of calcineurin in mitochondrial-mediated apoptosis. In addition, FK506 significantly inhibited pCU-induced translocation of BAD from the cytosol to mitochondria in U251 and 4910 cells. FK506 inhibited the release of cytochrome c and SMAC from the mitochondria to cytosol in pCU-transfected U251 and 4910 cells. Further, FK506 also inhibited pCU-activated caspase 3 and PARP in U251 and 4910 glioma cells. However, Hortelano et al. [33] reported that FK506 protected macrophages from nitric oxide-dependent apoptosis. Yardin et al. [34] reported that FK506 blocked neuronal apoptosis induced by serum deprivation in rat neuronal cultures. Recently, Takadera et al. [35] reported that FK506 increased apoptotic cell death in a caspase-dependent manner in PC12 cells.
Current evidence suggests that some phosphatases do not find their physiological substrates by simple diffusion, and they are frequently directed to their substrates by interaction with other proteins [36] . The proportion of phosphatase directed to BAD is determined by the amount of targeting protein synthesized [37] . It was reported that calcineurin bound to Bcl-2 in mitochondria suppresses NF-AT pathway [21] or BAD dephosphorylation [8] . Previously, we reported that uPAR and cathepsin B downregulation decreased Bcl-2 and increased BAX in U251 and 5310 cells [1] . In line with these results and confirmed by immunofluorescence and immunoprecipitation assays, we observed a low level of Bcl-2/calcineurin A association in pCU-treated U251 and 4910 cells; Bcl-2 was the limiting molecule in the formation of this complex. However, overexpression of uPAR and cathepsin B (or Bcl-2) enhanced interaction of Bcl-2 with calcineurin A. However, HA 14-1 (a Bcl-2 inhibitor) decreased this association in Bcl-2-overexpressed U251 and 4910 cells. Earlier, it was reported that BAX interferes in the interaction of Bcl-2 with calcineurin, possibly by displacing calcineurin from Bcl-2 [38] . These results suggest that Bcl-2 has either a direct or an indirect role in controlling calcineurin distribution.
It has been previously demonstrated that in vivo treatment of pre-established intracranial tumors with plasmids expressing siRNA for uPAR and cathepsin B significantly inhibited tumor growth in glioma [1, 39] . In our study, we observed that apoptosis in pCU-treated brain tumors was caused by the redistribution of calcineurin A and BAD. Our co-localization experiments in brain tissue sections and coimmunoprecipitation experiments of pCU-treated brain tissue lysate fractions confirmed decreased association of Bcl-2 and calcineurin A in vivo. In conclusion, the redistribution of calcineurin, the reduced association of calcineurin A and Bcl-2, and the dephosphorylation of BAD S136 all play important roles in inducing apoptosis when uPAR and cathepsin B are downregulated in glioma.
